Abstract---Adsorption of Ni(II) by Ca-and Na-saturated kaolinites was studied in equilibrating solutions with total Ni concentrations ranging from 118 to 946/xg/liter. Background electrolytes used in these :experiments were 0.005, 0,0l, 0.025, and 0.5 M Ca(NO3)~, 0.002 and 0.005 M CaSO4,0.0l and 0.1 M NaNO3, and 0.005 and 0.05 M Na2SO4. Ion speciation in equilibrium solutions was calculated by the computer program GEOCHEM. Computed Ni 2+ concentrations and activities at equilibrium were correlated with total Ni adsorbed by kaolinite. Increasing ionic strength resulted in decreasing Ni adsorption. Adsorption of Ni was greater from solutions when NO3 was the dominant anion. Based on adsorption data in SO4 medium, the standard free energy of adsorption of Ni 2* ion on kaolinite was computed to be -27 k J/mole.
INTRODUCTION
Accumulation of excessive amounts of trace metals such as nickel in soils amended with municipal and industrial wastes can have a toxic effect on soil organisms and plants (Page, 1974; Dowdy et al., 1976; Walsh et al., 1976) . Similar problems can be induced by accidental spills of geothermal brines on agricultural lands (Phelps and Anspaugh, 1976) . Such concern has prompted many studies of trace metal chemistry in soils in order to understand, assess, and attenuate the risks involved in sludge applications to agricultural lands.
In soil, Ni exists in various solid and solution forms. In solution, Ni exists not only as the free aquo ion (Ni 2+) but also as ion pairs and complexes with various inorganic and organic ligands. Reported concentrations of nickel in the saturation extracts of some California soils range from <0.01 to 0.09 ppm (Bradford et al., 1971) .
However, in some soils treated with sewage sludge, nickel concentrations in soil solutions may be as high as 53 ppm (L. Lund, Department of Soil and Environmental Sciences, University of California, Riverside, California 92521; personal communication). Ni in the solid phase exists not only in various mineral forms but also in exchangeable and specifically adsorbed forms. Therefore, a thorough understanding of Ni chemistry in soils should encompass a study of all possible phases of this metal.
One of the important aspects of Ni interaction in soils is its adsorption on mineral surfaces. Adsorption of Ni on clay minerals has been studied by McLean (1966) , Kabata-Pendias (1968) , Counts (1975) , and Koppelman and Dillard (1977) ; however, these studies were not directed towards elucidating the effects of various factors such as ion-pair formation and ionic strength on the adsorption of Ni. Therefore, the purpose of the present study was to clarify the adsorption behavior of Ni on 1 Current address: Alfateh University, Libya.
Copyright (~) 1979, The Clay Minerals Society kaolinite at solution concentrations encountered generally in uncontaminated soil solutions. Ni adsorption by kaolinite with respect to changing ionic strength in the presence of cations such as Ca ~+ and Na + and as influenced by ion-pair formation with ligands NO3-and SO~ 2-were also part of this study.
MATERIALS AND METHODS

Preparation of kaolinite suspension
A sample of kaolinite from Birch Pit, Macon, Georgia was obtained from Ward's Natural Science Establishment. The <2-/xm fraction of this material was collected by centrifugation. Part of this <2-/xm material in suspension was saturated with Ca by washing it three times with 0.5 N Ca(NO3)~. Excess Ca was removed by successive washing with deionized water. Another part of the <2-~m fraction was saturated with Na by three washes with 1.0 N NaNQ solution. Successive washing with 0.005 N NaNO3 was used to remove excess Na. These ion-saturated kaolinite suspensions were stored in plastic bottles and were used in all the adsorption experiments. The weight of clay per unit volume of suspension in each case was determined after drying four samples of suspension, each 10 ml in volume, for 48 hr at 100~ The oven-dry weights of Ca-kaolinite and Na-kaolinite suspensions were determined to be 6.35 and 2.99 mg/mt, respectively. The cation-exchange capacity of the Ca-kaolinite was determined to be 11.7 -+ 0.8 meq/100 g by displacement with ammonium acetate buffered at pH = 5.3.
Adsorption experiments
To study the adsorption of Ni by Ca-kaolinite, 1-ml suspensions were placed in 50-ml plastic centrifuge tubes. Solutions of Ni(NO3)2 from 118 to 946/~g/liter of Ni were prepared in a series of 0.005, 0.01, 0.025, and 0.5 M Ca(NO3)2 solutions. Similar Ni(NQ),2 solutions were prepared in 0.002 and 0.005 M CaSO4 solutions. Baes and Mesmer (1976) 1 Estimated.
Thirty-five milliliters of each of these solutions were equilibrated with the kaolinite suspensions at room temperature (-25~ in an automatic wrist-action shaker for 5 hr. Preliminary studies had shown that the adsorption reached a steady state well within a span of 5 hr. After equilibration, the suspensions were centrifuged at -20,000 g for 25 rain, and the pH of the supernatant was measured. The Ni concentration in the supernatant was measured using a Perkin Elmer flameless atomic absorption spectrophotometer (FAAS), model 403, equipped with an HGA 2100 graphite furnace and a deuterium background corrector. To avoid electrolyte interferences and, where necessary, to concentrate Ni to levels greater than the limits of detection, Ni was extracted from equilibrium solutions using ammonium pyrrolidine dithiocarbamate-methyl isobutyl ketone (APDC-MIBK). This procedure, developed by Sprague and Slavin (1964) , may be employed with a number of heavy metals and consists of adding a drop of 1.0 N HNO3 and 1 ml of 5% solution of APDC to a 25 ml aliquot of the supernatant and shaking it vigorously for about half a minute. Next, the aliquot is agitated for another minute after adding 5 ml of MIBK. Ni in the organic phase was determined using an FAAS. Similar series of Ni adsorption experiments were conducted with Na-saturated kaolinite. Solutions of Ni(NQ)2 ranging from 118 to 946/zg Ni/liter were prepared with 0.01 and 0.10 M NaNQ as the background electrolyte for one series of experiments and with 0.005 and 0.05 M NaeSO4 solutions for another series of experiments.
Calculation of ion speciation in solution
In these experiments, total Ni adsorbed by Ca-or Nakaolinite can be calculated from the difference between Ni added and that recovered in the equilibrium solutions. But, it should be noted that Ni in solution may exist not only as Ni 2+, but also as ion pairs and complexes with various ligands. Therefore, it is useful to know the Ni 2 § concentration in solution in order to correlate with observed adsorption of Ni onto kaolinite. The solution speciation of metal ions in a multicomponent chemical system is a function of various parameters such as the total concentrations of various metals and ligands, pH, temperature, and partial pressure of various gases. Therefore, calculations were made of the distribution of various ion species using the computer program GEOCHEM Critically evaluated experimental association constants of various aqueous species were used in these calculations (Table 1) . Association constanis were estimated for aqueous species for which the experimental values were not available . In these calculations only those aqueous species whose existence has been experimentally confirmed were included. There is sufficient experimental evidence to confirm the existence of complexes such as NiNO3 +, NiHCOS, NiCO3 ~ NiHSO4 +, NiSO4 ~ NiOH +, Ni(OH)2 ~ Ni(OH)~ , Ni(OH)42-, Ni~OH '~+, and Ni4(Ott)44+ (Fedorov et al., 1973; Pitwell, 1967; Nair and Nancollas, 1959; Baes and Mesmer, 1976 ). All the above Ni species, as well as similar Ca and Na species, were included in the calculations. Such a procedure is an essential aspect of chemical equilibrium calculations for multicomponent systems . The partial pressure of carbon dioxide in all these computations was fixed at 10 -3.5 atmospheres. The activity coefficients were calculated by Davies' equation (Davies, 1962) . A typical result of a calculation of ion speciation is indicated in Table 2 . The results of these calculations indicate that, under the experimental conditions, only soluble complexes of metal-nitrate and metal-sulfate were significant. The NiNQ + species constituted from 1% to 17% of the total Ni concentration in various solutions, whereas the NiSO4 ~ species accounted for 6% to 38% of the total soluble Ni. The calculations also indicate that supersaturated conditions with respect to solids, such as nickel hydroxide and nickel carbonate, did not exist in any of the initial or the equilibrium solutions.
RESULTS AND DISCUSSION
Effects of ionic strength
The effect of ionic strength on the adsorption of Ni by Ca-kaolinite is shown in Figure I . All adsorption isotherms appear to be linear and those isotherms for ionic strengths less than 0.37 M appear to be constant partition type according to the classification system of Giles et al. (1960) . This type of isotherm is characterized by a constant partition of ions between solution and the adsorbent up to the maximum possible adsorption, where an abrupt change to a horizontal plateau occurs. The linearity of the isotherms indicates that the number of sites for adsorption remains constant (Giles et al., 1960) . Apparently, adsorption maxima were not reached for the range of Ni concentrations used in these experiments.
Generally, these adsorption isotherms (Figure 1 ) show that there is a corresponding decrease in Ni adsorption with increasing ionic strength [Ca(NO:0=, as the background electrolyte]. For instance, for the same equilibrium concentration of Ni 2+ in solution, Ni adsorption at an ionic strength of 0.37 M is roughly 40% of that observed at an ionic strength of 0.005 M. Similar decreases in Ni adsorption with increasing ionic strength were observed in experiments with CaSQ, NaNO3, and NazSO4 as background electrolytes. This phenomenon can be attributed to (1) increasing Ca z+ concentration (or Na + concentration) with increasing ionic strength and therefore increasing competition for the adsorption sites on the clay mineral, and (2) decreasing activity of Ni 2+ ion in solution due to increasing non-ideality of solution with ionic strength. This non-ideality is due to increasing electrostatic interaction and resulting formation of NiNQ + and NiSO4 ~ ion pairs. Since Ni adsorption is governed by its activity in solution, decreased activity in solution means decreased adsorption on kaolinite.
Effect of exchangeable cations
To compare the Ni adsorption on kaolinite in competition with Ca and Na, free nickel (Ni z+) ion activities in the equilibrium solution were plotted against total Ni adsorbed in rag/mole of kaolinite (Figures 2, 3) . In solution media with NO3-as the dominant anion, substantially more Ni was adsorbed on Na-kaolinite than on Ca-kaolinite at comparable Ni z+ activities in solu- 
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Effects of ion-pair formation
The principal effect of ion-pair formation is the reduced NF + concentration in the equilibrating solution. Therefore, a ligand which forms ion pairs of greater stability with a given metal decreases the concentration of free divalent metal to a greater degree than a ligand which forms a weak ion pair. Reduction in metal adsorption can, therefore, be related to the nature of ion pairs involving the dominant anion in a system. The SO42-ion forms neutral ion pairs with Ni 2 § Ion pairs involving NO3-and Ni z+ also exist. The association constants for NiSO4 ~ and NiNQ + are 102.33 and 10 ~176 respectively (Nair and Nancollas, 1959; Fedorov et al., 1973) . Therefore, SO42 is considerably more effective in reducing Ni z+ concentrations in comparison with NO3-ion. This effect, in turn, should be reflected in a decreased Ni 2+ concentration (and activity) in solution and hence a decreased Ni adsorption on kaolinite. The Ni adsorption isotherms for Ca-kaolinite (Figures 2, 4) show clearly that the adsorption of Ni is considerably less for the SO42 system in comparison with the NO3 system. Similar comparisons also can be made for Ni adsorption on Na-kaolinite (Figure 3) .
The difference in adsorption of Ni on kaolinite between the NO3 and the SO4 system can also be examined in light of the ionic species of Ni present in equilibrium solutions. A number of studies indicated that specific adsorption of ion pairs of transition metals, such as CuCI +, CuOH +, Cu-glycine +, ZnOH +, and ZnCI +, can occur on clay minerals (Elgabaly and Jenny, 1943; Farrah and Pickering, 1976; Koppelman and Dillard, 1977; Papanicolaou and Nobeli, 1977) . It has also been established that neutral ion pairs and negatively charged complex species are not adsorbed to any measurable extent on kaolinite. These studies suggest that in the present experiments, Ni 2+ as well as NiNO3 + ion pair are the adsorbing species in the NO3 system, whereas only Ni 2+ ion is the adsorbing species in the SO4 system. Therefore, when the total Ni concentration is the same in the two systems, the concentration of adsorbing species in solution Will be higher in the NO3 system than in the SO4 system, leading to greater adsorption of Ni on kaolinite in the NO3 system.
Free energies of adsorption
Since Ni 2+ ion is the only Ni species to be adsorbed on kaolinite in the SO4 system, the free energy of adsorption of this ion can be calculated as follows:
A metal ion adsorbing onto a clay mineral can be represented by the half reaction M +m + mX-= MX,~
where M = metal ion or ion pair with charge m X = the clay mineral MX m = metal-clay complex.
Assuming that the actual activity of X-is unity and the activity of the adsorbed metal ion to be equal to its mole fraction (N) on the adsorbent (implying an ideal mixture of solutes on the adsorbent), the equilibrium constant (K) for the reaction can be written as:
where N = activity of adsorbed ion (=mole fraction) and a ---ion activity in equilibrium solution.
Eq. (2) can be written as:
By plotting N as the dependent and a as the independent variable, one can obtain K from the slope of the line. The standard free energy of adsorption (AG~ for a reaction such as Eq. (1) can then be computed from the relationships:
where R = gas constant (8.3147 • 10 -3 kJ/deg mole) and T = absolute temperature.
The calculated aG%ds value for Ni z+ on kaolinite was -27 kJ/mole.
CONCLUSIONS
Increasing ionic strength decreases Ni adsorption on kaolinite. More Ni was adsorbed on Na-kaolinite than on Ca-kaolinite. Adsorption of Ni is depressed to a greater degree when SO42 is the dominant anion in solution instead of NO3 . This difference in adsorption can be attributed to higher concentrations of adsorbing species (Ni 2+ and NiNQ +) present in NO3 media in comparison to SO4 media in which only Ni 2+ was the adsorbing species.
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